A novel Gram-stain-positive, aerobic, endospore-forming, and rod-shaped strain designated 694
The genus Paenibacillus, a member of the family Paenibacillaceae (De Vos et al., 2010) was first proposed by Ash et al. (1993) . At the time of writing, the genus contains more than 150 species with validly published names (http://www.bacterio.net/index.html). The species of the genus Paenibacillus are distributed widely in various ecological habitats. Some members of the genus Paenibacillus have been isolated from inside plants, e.g. in rice seeds (Liu et al., 2010) , legume root nodules (Valverde et al., 2010; Carro et al., 2013 Carro et al., , 2014 Lai et al., 2015) , roots (Kong et al., 2013) and duckweed (Kittiwongwattana & Thawai, 2015) .
During an investigation on the diversity of endophytic nitrogen-fixing bacteria in maize, a novel strain, designated 694 T , was obtained. Data from a polyphasic taxonomic study indicated that this strain represents a novel species, Paenibacillus radicis sp. nov., of the genus Paenibacillus.
Strain 694
T was isolated from surface-sterilized root tissue of maize planted in the Fangshan District of Beijing, People's Republic of China. For isolation, the entire maize plant was dug up at the tasselling stage, and washed with tap water; the roots were then cut and surface sterilization was performed by immersion in 70 % ethanol for 1 min, in 2 % sodium hypochlorite for 10 min, followed by three 10 min rinses in sterile distilled water. To check for surface contamination, samples were imprinted on triplicate plates of tryptic soy agar (TSA) (BD Diagnostics). Tissues found to be free of surface contamination were ground in a small volume of water with sterile mortar and pestle, further diluted with sterile water and plated onto N-deficient combined carbon sources medium (CCM; Hegazi et al., 1998) . Following aerobic incubation at room temperature for 3 days, colonies that appeared on the CCM nitrogen-free agar plates were then picked and restreaked on fresh media, until pure cultures were obtained. Strain 694
T was selected and pure culture was maintained at 280 8C in 30 % (v/v) glycerol. The type strains of closely related species to strain 694 T , including Paenibacillus xinjiangensis DSM 16970 T and Paenibacillus algorifonticola CGMCC 1.10223 T , were used as reference strains under the same conditions. The identification of the strain was performed based on the proposed minimal standards described by Logan et al. (2009) .
Colonial properties of the isolate were observed on R2A medium agar (Difco) (Reasoner & Geldreich, 1985) . Cell morphology, endospore formation and flagellation type were determined by transmission electron microscopy (JEM-1400, JEOL) after 37 h of incubation of strain 694 T on R2A medium agar at 28 8C. Gram staining was determined using the bioMérieux Gram Stain kit according to the manufacturer's instructions. Growth was tested at 5, 10, 15, 20, 25, 30, 35, 37, 40, 45 and 50 8C on R2A medium agar and pH tolerance was tested using liquid R2A medium adjusted to various pH values (4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0) with 1 M HCl solution or 1 M NaOH solution, as appropriate. Tolerance of NaCl was determined using R2A medium agar adjusted to various NaCl concentrations in the range 1.0-7.0 % (w/v; intervals of 1 %). Catalase activity was determined by bubble production in 3 % (v/v) H 2 O 2 . Oxidase activity was determined using 1 % (w/v) tetramethyl-p-phenylenediamine. Anaerobic growth was tested in serum bottles containing R2A broth supplemented with thioglycolate (1 g l
21
) in which the headspace was substituted with nitrogen gas. Hydrolysis of starch and casein were tested using standard methods (Gerhardt et al., 1994) . Carbon source utilization tests, acid production tests and determination of additional physiological and biochemical characteristics were performed using the Biolog GEN III microtest system (Biolog) and API 20NE, API 50CH and API ZYM systems (bioMérieux) according to the manufacturers' instructions.
To determine their cellular fatty acid composition, strain 694 T and the reference strains, P. xinjiangensis DSM 16970 T and P. algorifonticola CGMCC 1.10223 T were incubated for 2-3 days on TSA medium at 28 8C. The cellular fatty acids were derivatized to methyl esters (Sasser, 1990) and analysed by gas chromatography (model 6890, Hewlett Packard) using the Microbial Identification System (MIDI; Sherlock version 6.0) software package. Polar lipids of strain 694
T were extracted according to the method of Minnikin et al. (1984) . To identify the lipids, they were separated with two-dimensional TLC and the chromatogram was sprayed with the appropriate detection reagents (Collins & Jones 1980) . Respiratory quinones were extracted according to the method of Collins et al. (1977) , purified by TLC and analysed by HPLC, as described by Collins & Jones (1980) . Preparation of genomic DNA was carried out according to the method of Marmur (1961) .
The G+C content of the DNA was determined using the thermal denaturation method (Marmur & Doty, 1962) , with Escherichia coli K-12 as a control. Growth on (Biolog GENIII): A loop of biomass was scraped off the R2A medium agar plate, suspended in 100 ml double-distilled H 2 O and lysed by 10 min boiling followed by 5 min freezing. After centrifugation, the supernatant was used as the template for PCR. The 16S rRNA gene was amplified using the universal primers 27F and 1492R (Lane, 1991) . Purified PCR products of approximately 1.5 kb in length were sequenced in an ABI 3730 sequencer following the manufacturer's protocols. The almost complete 16S rRNA gene sequence (1434 bp) was determined by direct sequencing and compared with available 16S rRNA gene sequences of the more closely related species with validly published names according to the EzTaxon database (http://www. ezbiocloud.net/eztaxon; Kim et al., 2012) . Multiple-alignments were performed using the CLUSTAL_X program (Thompson et al., 1997) and the model selection test was used to determine the best model using the software package MEGA version 6.0 (Tamura et al., 2013) . The TamuraNei model was used to calculate evolutionary distances. The phylogenetic trees were reconstructed with the neighbour-joining (Saitou & Nei, 1987) , maximum-likelihood (Felsenstein, 1981) and minimum-evolution (Rzhetsky & Nei, 1992 ) methods with the MEGA6 program (Tamura et al., 2013) . In each case, bootstrap values were calculated based on 1000 replications. Nearest-neighbourinterchange was applied to the maximum-likelihood analysis.
Morphological, cultural, physiological and biochemical characteristics of strain 694 T are given in the species description. The distinctive phenotypic features of strain 694 T and the closely related species of the genus Paenibacillus are presented in Table 1 .
The major fatty acids of strain 694 T were anteiso-C 15 : 0 (42.1 %), iso-C 15 : 0 (18.4 %), iso-C 16 : 0 (11.2 %) and C 16 : 0 (12.1 %) and strain 694 T could be differentiated from the closely related species in the genus Paenibacillus by the differences observed in the fatty acid profiles (detailed in Table 2 ). The dominant phospholipids were diphosphatidylglycerol, phosphatidylglycerol and phosphatidylethanolamine (Fig. S1 , available in the online Supplementary Material). The predominant respiratory quinone was menaquinone-7.
The DNA G+C content of 694 T was 46.9 mol%. Genomic DNA relatedness (DNA-DNA hybridization) between strain 694
T and its close relatives P. xinjiangensis 16970 T and P. algorifonticola CGMCC 1.10223 T was 30.0 %¡ 1.4 % and 36.7 %¡1.9 %, respectively, which is below the recommended value of 70 % for definition of prokaryotic species (Wayne et al., 1987) .
The 16S rRNA gene sequence (1434 bp) of 694 T was determined. The neighbour-joining phylogenetic tree (Fig. 1) reconstructed from the 16S rRNA gene sequences of 694 T and some related species in the genus Paenibacillus displayed that strain 694 T clearly belongs to the genus Paenibacillus and showed 98.5 % and 98.1 % 16S rRNA gene sequence similarity with the type strains of P. xinjiangensis and P. algorifonticola, respectively. The topologies of phylogenetic trees reconstructed using the maximum-likelihood and minimum-evolution methods also supported the results that strain 694
T formed a stable clade together with its closely related species P. xinjiangensis and P. algorifonticola ( Figs S2 and S3 ).
Based on these results, it can be concluded that the strain 694 T represents a novel species of the genus Paenibacillus, for which the name Paenibacillus radicis sp. nov., is proposed.
Description of Paenibacillus radicis sp. nov.
Paenibacillus radicis (ra9di.cis. L. gen. n. radicis of a root, referring to a root from which the isolate was obtained).
Cells of strain 694
T are Gram-stain-positive, aerobic and motile by means of peritrichous flagella (Fig. S4) ; ellipsoidal spores are formed in a subterminal position (Fig. S4) . Cells are rods, approximately 0.8-1.3 mm wide and 3.8-4.4 mm long after 37 h of incubation at 28 uC on R2A agar (Fig. S4) . Colonies on R2A agar are circular with entire margins, convex, milky, glossy and about 0.5-1 mm in diameter after 3 days of incubation at 28 uC. Positive for oxidase and catalase, but negative for hydrolysis of casein and starch. Growth occurs at 10-45 uC (optimum 30 uC), at pH 6.0-8.0 (optimum pH 7.0) and with 0-3 % (w/v) NaCl (optimum 1 %). In the API 20 NE system, positive for aesculin hydrolysis, b-galactosidase activity and assimilation of L-arabinose, D-mannose, D-mannitol, N-acetylglucosamine and maltose, but negative for nitrate reduction, indole production, fermentation of glucose, arginine dihydrolase activity, urease activity, gelatin hydrolysis and assimilation of glucose, potassium 
